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Abstract
Titanium dioxide possesses near-ideal properties for large-scale application as a photocatalyst. It
is cheap and abundant, nontoxic, and environmentally safe. However, it still suffers from
logistical problems preventing its application in industry: namely, rapid electron-hole
recombination and inability to utilize visible light. For nearly five decades researchers in this
booming field have made numerous attempts to address these problems, doping and combining
titanium dioxide with a wide range of materials. A novel ambient-temperature approach to
synthesis and doping/modification of anatase-form titanium dioxide was attempted using both
oxygen-rich and oxygen deprived synthetic routes. Reactants were exposed to various
wavelengths of ultraviolet light during particle formation and the products were characterized by
a wide array of techniques including X-ray diffraction, Raman specstroscopy, differential
scanning calorimetry, and scanning electron microscopy. Photocatalytic activity was measured
qualitatively by comparing rates of degradation of an azo dye, and band gap was measured using
a Tauc analysis of ultraviolet-visible spectroscopic reflectance data. For the purposes of
producing an effective photocatalyst, UV-exposure was found to benefit the products synthesized
using the oxygen-rich synthetic route and to detract from those produced by the oxygen-deprived
route.
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1. Literature Review
1.1.

Photocatalysis

Photocatalysis is the process by which a material uses energy from incident radiation to
increase the rate of chemical reactions. Semiconductor photocatalysts, such as titanium dioxide,
accomplish this by using the radiation-sourced energy to promote an electron from the material's
valence band (VB) to its conduction band (CB).1 This process is illustrated in Figure 1. Electron
promotion creates two sites for adsorbed species to react: a reducing site (the promoted electron
being more easily donated) and an oxidizing site (the electron-deficient hole left behind by the
promoted electron). The energetic difference between the valence and conduction band is called
the band gap energy. Only light of this energy or higher can promote an electron and allow
photocatalysis to proceed.

Figure 1: Bandgap and electron promotion behavior in titanium dioxide photocatalysis.2

In aqueous environments, the results of electron promotion are separate reactions with
water and dissolved oxygen to produce superoxide radical (oxygen taking the electron from the
conduction band) and hydroxide radical (water losing an electron and freeing H+), as per the
following reactions.3

2
𝑂2 + 𝑒 − ⇌ 𝑂2− ∙

(1)

𝐻2 𝑂 + ℎ+ ⇌ 𝑂𝐻 ∙ + 𝐻 +

(2)

These radical species are only metastable but highly oxidizing. The presence of a
semiconductor photocatalyst in aqueous suspension, activated by radiation of sufficiently short
wavelength, can therefore cause many organic compounds to oxidize and degrade much faster than
they would otherwise. The resulting post-oxidation compounds are typically more biologically and
environmentally inert, even oxidizing down to H2O and CO2.4 Major interest in photocatalytic
technologies therefore centers on destruction of organic pollutants for water treatment and
environmental remediation applications.5–8

1.2.

Titanium Dioxide

Titanium dioxide (or titania) is well known in industry for its application as a white
pigment, and has long been known to possess photocatalytic properties.9. Inexpensive, nontoxic,
environmentally safe and readily commercially available, titanium dioxide materials are
especially suited to large-scale environmental treatment applications. Three natural polymorphs
of titanium dioxide exist. In order of natural prevalence, they are rutile, anatase, and brookite
(see Figure 2). The band gaps of rutile and anatase, respectively, are 3.0 and 3.2 eV.10 Band gaps
for brookite have been reported in the range 3.1-3.4 eV.11 Rare in nature, brookite is not often
considered for photocatalysis. It has long been observed that anatase outperforms its polymorphs
in photocatalytic applications, but it was not well understood until recently why that was.
Whereas rutile has relatively similar indirect and direct band gap energies, anatase has a
significantly lower indirect than direct band gap energy, making direct transitions effectively
impossible.7,10 The effect of this low indirect band gap energy is that electron hole pairs take
longer to recombine, so more pairs survive long enough to react. Anatase has been shown to
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degrade an extensive list of organic pollutants including cyanide species, polycyclic aromatic
hydrocarbons (PAH's), and azo dyes, just to name a few.12–15

Figure 2: The three natural polymorphs of titanium dioxide.16

1.2.1. Existing syntheses
Perhaps the most well-studied synthesis of titanium dioxide, the sol-gel route typically
involves an acid-catalyzed hydrolysis reaction of a titanium (IV) alkoxide, followed by
condensation.17–19 To specifically achieve highly crystalline anatase, the reaction has been
performed in the presence of tetramethylammonium hydroxide, followed by a lengthy series of
heat (and sometimes pressure) treatments.20,21 Nonaqueous sols can be produced by the reaction
of titanium chloride with oxygen donors, such as titanium alkoxides, ethers, or alcohols.22
Anatase has been achieved in this way using benzyl alcohol as the oxygen source and aging (121 days) at elevated temperature (40-150 ºC).23
Hydrothermal methods of synthesizing titanium dioxide involve reaction at elevated
temperature and/or pressure in a sealed stainless steel or Teflon-lined chamber.24 The higher
pressure and temperature allow for greater control of particle size into the nano region.25
Peptized precipitates of titanium precursors are used as the starting material, with the peptizer
having a strong effect on the resulting particle morphology.26 The non-aqueous analogue of the
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hydrothermal method is the solvothermal method, which has the benefit of being able to reach
higher temperatures.27 Under these extreme conditions, greater control of particle size and
morphology is obtained.17
Titanium dioxide can also be obtained by direct oxidation of titanium metal, using
elevated temperatures and strongly oxidizing solutions such as hydrogen peroxide.28 This
dissolution-precipitation process can be directed to preferentially form anatase by the presence of
fluoride or sulfate ions in solution (chloride ions can be used to favor rutile).29
Chemical vapor deposition (CVD) involves the vaporization and pyrolysis of a titanium
precursor such as titanium tetraisopropoxide (TTIP) in a mixed helium/oxygen atmosphere.30
The vapor decomposes and deposits on a cooled surface in the reactor, resulting in nano-scale
particles, rods, or films. High temperatures and low pressures must be used following CVD to
induce the desired morphology, with rutile forming around 630 ºC, anatase forming around 560
ºC, and amorphous titania forming at lower temperatures.31
A consistent trend in syntheses of crystalline titanium dioxide is the need for high
temperatures or pressures, or moderate temperatures maintained over a long period of time. A
synthetic method at ambient conditions is desirable to reduce costs associated with production of
anatase titania for photocatalytic applications.
1.2.2. Problems
Despite the near ideal qualities of titanium dioxide for large-scale photocatalytic
applications, the material still has significant hurdles to overcome to be applied on an industrial
scale. The most notable of these hurdles has been the fact that anatase's large bandgap of ~3.2 (385
nm)10 means only ultraviolet radiation can induce photocatalysis. And since only about 5% of
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natural sunlight resides in the ultraviolet region of the electromagnetic spectrum, titanium dioxide
fails to utilize the majority of solar energy, and thus suffers from efficiency problems.32
Another problem facing titanium dioxide photocatalysis is the tendency for electron-hole
pairs to recombine too quickly. This means that of the 5% of instances where incident light is of
the right wavelength to promote an electron, a certain percentage of these pairs will close without
photocatalyzing any reactions, releasing the energy as photons or heat.
To solve these problems and improve the material in other ways, scientists have for decades
tried different ways of modifying titanium dioxide for better usability. A number of chemical
dopants can be utilized to lower the band gap of anatase into the visible region. Electron-hole
recombination is affected by the various dopants, but numerous structural factors also play a role.33
Particle size is one such factor, since the same mass of smaller particles has a greater surface area.
Smaller particles therefore have a decreased distance that internal electron-hole pairs must travel
before they can react with chemical species adsorbed on the particle surface. The remainder of this
section explores the major attempts to modify titanium dioxide and examines their comparative
effectiveness.

1.3.

Modification

Modification, specifically doping, can be accomplished in numerous ways. Cationic
(metal) dopants can simply be incorporated into the reaction solution for aqueous syntheses, such
as the sol-gel or hydrothermal methods.17 The way anionic (nonmetal) dopants are added differs
with the material: carbon can be added to titania by annealing TiO2 under CO gas flow, nitrogen
can be added by incorporating amines into the reaction solvent, or treating with amines
afterwards. Sulfur and fluorine can be doped similarly, often utilizing titanium tetraisopropoxide
as the titanium precursor.
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1.3.1. Cationic doping
Doping of titanium dioxide with various cations has been explored exhaustively in the
literature. It has been tried with a wide array of elements from the transition metals, the rare earths,
the noble metals, and the poor metals. The ability to temporarily hold electrons or holes is crucial
to the dopant's role in the material, which explains the observation that cations with closed orbital
electron configuration (ex. Li+, Mg2+, Al3+) have little effect on photoactivity.34
The primary effect of cation-doping is to shrink the band gap of the bulk material by
lowering the energy level of the conductance band (see Figure 3). Shrinking the band gap widens
the absorption range of the material to include visible light. Cation doping can also increase the
redox potential of the radical species generated, and increase quantum efficiency by reducing
instances of recombination.33 Doping with cations of similar size to Ti4+, such as Fe3+ and Sn4+
has been found to decrease agglomeration, increasing surface area and therefore photocatalytic
activity.35–37 Cation-doping also increases the conductivity of the material.38

Figure 3: Effect of doping on bandgap of titanium dioxide.39

The benefits of cation-doping are heavily dose-dependent. Exceeding a critical
concentration causes photocatalytic performance to decrease. There is high likelihood of creating
defects by cation-doping, and these defects can act as recombination centers, decreasing the
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quantum efficiency. While reannealing has been shown to decrease the amount of recombination
centers due to defects, most research seems to suggest that anion-doping bears superior results.36
1.3.2. Anionic doping
Anions of carbon, nitrogen, and to a lesser extent sulfur, iodine and fluorine, have all been
tested extensively as dopants for titanium dioxide photocatalyst. Like cations, anions have the
potential to reduce titanium dioxide's bandgap to allow for photocatalytic activity in the visible
region. Rather than by decreasing the energy of the conductance band, anions accomplish bandgap
reduction by raising the energy of the valence band (see Figure 3). Anionic dopants tend not to act
as sites for recombination, giving them an innate advantage over cationic dopants.17,35
Carbon substituted in the titanium dioxide framework creates 2p states with energy near
the valence band (caused by oxygen 2p), which are responsible for the upward shifting of this
band. There is a tendency for carbonaceous species to form at the surface of carbon-doped titanium
dioxide, which has been reported to further enhance the absorption of visible light.40 Nitrogen
doping has a large impact on the bulk material properties of the photocatalyst, altering the
refractive index, hardness, electrical conductivity, elastic modulus, in addition to light absorption
in the visible range.41 Due to the larger radius of nitrogen, and in order to maintain charge
neutrality, two nitrogen atoms will typically substitute for three oxygen atoms in the crystal lattice.
The presence of nitrogen reduces the energy of oxygen vacancies from 4.2 to 0.6 eV, and the
resulting dramatic increase in oxygen vacancies is also associated with promoting absorption in
the visible region.42 A weakness of anion-doping is that the amount of dopant decreases readily
upon exposure to higher temperatures, limiting applications that might otherwise benefit from
annealing.41
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1.3.3. Mixed semiconductor doping
Coupled semiconductor photocatalysis works by combining titanium dioxide with a
smaller bandgap material whose conduction band is more negative than its own. The smaller
bandgap material can therefore act as a photosensitizer, promoting electrons to its conduction
band with visible light, and transferring those electrons to titanium dioxide for use in
photocatalysis. The more negative conduction band of the sensitizing semiconductor ensures that
the electron will migrate to the titanium dioxide and not remain in its own conduction band,
unable to react (see Figure 4).

Figure 4: Relative band energies and their effect on electron migration in coupled semiconductors.33

Metal oxides and sulfides typically act as the photosensitizer in water treatment, with
cadmium sulfide being a particularly prevalent example.43 Also tested are Bi2S3, whose bandgap
is small enough to absorbs wavelengths as large as 800 nm, and WO3 whose conduction and
valence band energies are especially ideal for charge-carrier transfer.44,45 SnO2 and ZnO have
received much attention for combining with titanium dioxide despite the fact that their band gaps
are higher. In these cases, titanium dioxide acts as the photosensitizer, so visible light absorbance
is not possible.36,46
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1.3.4. Mixed-phase doping
Though pure anatase clearly demonstrates better photocatalytic performance than pure
rutile, much research indicates greater performance for certain mixtures of the two polymorphs.
Since anatase and rutile have the same valence band energy, photosensitization does not suffice to
explain the change in behavior. The solid-solid interface between individual crystals of the two
materials is necessarily an important factor in charge mobility through the material, and defects
here can again produce centers of recombination that hurt the efficiency of photocatalysis.32
Degussa's P25 is the best-known titanium dioxide photocatalyst product on the market, so
named because the ratio of anatase to rutile in the material is roughly 75:25. Bickley reports that
P25 consists of anatase nanoparticles with a surface layer of rutile.47 Bickley speculated that the
outer rutile layer acts as a passive sink depressing electron-hole recombination, with outward
electron transfer made more thermodynamically favorable by rutile's lower conduction band
energy.
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2. Experimental Method
2.1.

Reagents

Titanium (IV) chloride (Sigma Aldrich, ReagentPlus, 99% trace metals basis, 208566200G, Lot #: SHBK3661) was used as the starting material for all syntheses. Carbon
tetrachloride (Sigma Aldrich, anhydrous, ≥99.5%, 289116-100ML, Lot #: SHBJ4789) and
graphene oxide (sp2nano LLC, sourced from United Nanotechnology Industries in Bangalore,
India) were used to modify the synthesized product. Titanium (IV) oxide, anatase powder (99.8%
trace metals basis, 232033-100G, Lot #: MKBS7559V) from Sigma Aldrich was used as a
standard. Rutile of unknown source and purity (displaying an XRD diffractogram consistent with
pure rutile in the literature)48 obtained from Montana Tech's ore storage was also used as a
standard for the purpose of comparing analytical results. Food grade sodium hydroxide (Duda's
Red Hot Devil Lye) and chemical grade hydrochloric acid (Sigma Aldrich, 37%, 320331500mL, Lot#: SHBK1259) were used to modify the pH of solutions. Orange II sodium salt
(Sigma Aldrich, ≥85%, 195235-25G, Lot#: MKCH0421) was used in the dye degradation tests.
All water used in experiments was 18 M. Copper turnings (J.T. Baker, Lot#: 43,929) were
used in nitrogen purification. Gases used were O2 and N2 sourced from General Distributing
Company.

2.2.

Instrumentation

2.2.1. Scanning Electron Microscopy
The instrument is a Tescan MIRA3 with a field emission electron source and a
backscatter electron detector. An EDAX Octane Elect EDX (energy dispersive X-ray) detector
was used to obtain elemental composition.
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2.2.2. Zetasizer
The instrument was a Malvern Zetasizer Nano using plastic cuvettes. A minimum PDI of
0.6 was considered acceptable for results, and samples failing this requirement were diluted and
rerun. A refractive index of 2.509 was assumed for the material.
2.2.3. X-ray Diffraction
The instrument was a Rigaku powder X-ray Diffractometer (XRD) with a Cu K-alpha Xray source at 1.5406 angstroms with a resolution of 0.04 angstroms. Scan range was limited to
10-80 degrees with a scan speed of 2 degrees per minute. A slit width of 2 mm was used, and
source potential and amperage were set at 40 kV and 20 mA, respectively.
2.2.4. Raman Spectroscopy
The instrument used was a Renishaw InVia spectrometer with a 785 nm HPNIR laser.
Scans were taken between 0 and 2000 cm-1 with 2 accumulations and 2 acquisitions, 50x
magnification, 5% laser power, a 1.00/s exposure time, and a 1200 l/mm spectrometer setting.
Cosmic ray removal and baseline subtraction were used.
2.2.5. Ultraviolet-Visible Spectroscopy
The instrument used was a Cary 60 UV-Vis by Agilent Technologies. Measurements
were performed in "absolute reflectance" mode.
2.2.6. Differential Thermal Analysis
Differential thermal analysis (DTA), decidedly synonymous with a combination of
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA), was performed
using a SDT 650 by TA Instruments. Samples were analyzed under argon flow in alumina 90
L crucibles at a heating rate of 20 ºC/min.
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2.3.

Syntheses

2.3.1. Synthesis Apparatus

Figure 5: Synthesis apparatus, not including UV source.

The synthesis apparatus (shown in Figure 5) consists primarily of a modulated flowmeter
to tune input gas flow, a fused silica glass U-shaped tube (custom made by Wilmad LabGlass) to
contain the reactants and allow passage of ultraviolet radiation into the reaction vessel, and a
series of glass bubblers to collect the smoke-like particles and gases produced. The flow of
material in the figure is from right to left, with the reactant gas entering from the bottom left,
going through the flowmeter before entering the reaction chamber. Prior to introducing any
reactants, the system is flushed with N2. The septum on the right side of the U-tube allows for the
introduction of reagents while maintaining an inert atmosphere. The bubblers are filled with 200
g of 6 mm diameter glass beads to increase retention time of bubbles passing through the system,
as well as 150 mL of 18 M water. All tubing was either 3/8" or 1/4" ID vinyl. A brass
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adapter was used for conversion between tube diameters, but only for gases that had not
yet passed through the U-tube. These gases also passed over the rubber of the septum and
the plastic bead in the flowmeter. A Rayonet 16-bulb ultraviolet reactor source was used in
all non-control experiments, using 250 nm, 300 nm, or 350 nm wavelength bulbs from the
same manufacturer.
2.3.2. O2 procedure
The O2 procedure utilizes the following chemical reaction to produce TiO2:
TiCl4(l) + O2(g)  TiO2(s) + 2Cl2(g)

(3)

The apparatus was flushed with N2 before introduction of 1.5 mL TiCl4 through the septum using
a syringe. The UV source (if relevant) was powered on and oxygen gas was routed through the
system at a flow rate of 0.5 liters per min. The reaction was allowed to progress to completion
(typically 2-4 hours), after which the space above the water in the bubblers turned clear,
indicating a lack of remaining TiCl4 and an end of TiO2 production. The contents of each bubbler
was then analyzed by Zetasizer, the contents of the bubblers were combined, the glass beads
from each bubbler rinsed with a small amount of 18 M water which was then added to the
mixture. The pH of the mixture was raised from an initial value of ~1 up to 8, during which
the suspended TiO2 solids agglomerate and rapidly settle. This heterogeneous mixture was
covered and allowed to sit and age overnight. The mixture was then vacuum filtered
through grade 5 Whatman filter paper. The solids were allowed to dry, then ground using a
mortar and pestle and filtered a second time, washing with extra water to remove any
residual sodium chloride or hydroxide. The filtrate was dried again, first at room
temperature to remove observable moisture, and then placed in a furnace at 400 °C for two
hours to remove adsorbed water and hydrochloric acid molecules.
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2.3.3. H2O procedure
The H2O procedure utilizes the following chemical reaction to produce TiO2:
TiCl4(l) + 2H2O(g)  TiO2(s) + 4HCl(g)

(4)

The H2O procedure is identical to that of O2 with the following exceptions. Nitrogen, rather than
oxygen gas, is pumped through the reaction chamber. The nitrogen is routed through a tube
containing copper turnings heated to 300 °C in order to remove trace quantities of oxygen.
The gas is also passed through a bubbler containing heated water (200 °C by the hotplate
reading) in order to introduce water vapor into the flow.
2.3.4. Carbon tetrachloride modification
The carbon tetrachloride procedure was identical to the O2 and H2O procedures (it was
performed for both, as well as for each bulb type), except 0.5 mL of CCl4 was added through the
septum using a syringe immediately following the addition of TiCl4. CCl4 is fully miscible with
TiCl4.
2.3.5. Graphene oxide modification
The graphene oxide procedure was identical to the O2 and H2O procedures (it was
performed for both, as well as for each bulb type), except that 0.5 g of graphene oxide was added
to the reaction vessel immediately following the addition of TiCl4. Addition of the solid required
momentary removal of the septum, but this appeared to have minimal effect on the exposed
TiCl4 so long as the system was flushed with nitrogen beforehand. The graphene oxide did not
fully disperse in the TiCl4, though sufficient graphene was suspended in the liquid to slightly
darken its color.
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2.4.

Dye Degradation Testing

The photocatalytic activity of each product was tested directly by evaluating that
material's ability to degrade a dilute solution of acid orange 7 dye while subjected to 350 nm
ultraviolet radiation.
The TiO2 sample being tested also had to be diluted to reach the small
concentrations required by the test. These samples were prepared by weighting 10 mg of
solid sample. The powder was ground as fine as possible in a mortar and pestle before
adding 10.0 mL of 18 M water and grinding slightly more in order to create a milky
suspension. A volume of 1.0 mL of this solution was added to a scintillation vial. Each
sample had its own scintillation vial.
To prepare the dilute dye solution, 10 mg of dye was added to 100 mL of 18 M water.
A volume of 10.0 mL of this solution was diluted to 50 mL to achieve a very faint orange
color. A volume 2.0 mL of this solution was added to each scintillation vial containing each
of the different product samples. A blank containing no sample (just 3.0 mL of diluted dye
solution), and a control containing purchased anatase were also prepared alongside the
other samples.
Photographs were taken of the vials prior to exposure to UV. The scintillation vials,
without caps, were all then placed in the UV reactor on a flat surface. The vials were
positioned randomly and symmetrically in two lines parallel with the length of the bulbs,
and not too close to the edges of the reactor, such that the contents of each vial should all
receive equal amounts of radiation. Photographs were also taken of the vials after 3 hours
exposure and again at 6 hours.
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3. Results and Discussions
3.1.

Unmodified Titanium Dioxide Syntheses

3.1.1. O2 Route (Unmodified)
3.1.1.1.

Appearance and Size

The products of syntheses utilizing the O2 route with no modifications were opaque,
mainly white powders with a pale tinge of green that failed to lessen upon drying. Upon grinding
into water, the green disappeared and the suspension was milky white. As per its applications as
a pigment, pure titanium is reputedly white, so it was thought that some impurity or crystal
defect might be contaminating the product. Candidates for such contamination are residual
sodium hydroxide that failed to wash out in either of the multiple washing steps, or
chlorine/hydrochloric acid produced simultaneously alongside titania during the reaction.
Figure 6 shows a picture of the material viewed using the backscatter electron detection
on an SEM. The images for each sample were very similar, and so the picture for the sample
which had been exposed to 250 nm during synthesis was chosen to represent them all. For the
images corresponding to other samples, see Appendix B. A wide range of particle sizes can be
seen, from 1 to 100 microns. Some particles appear to be agglomerates of many smaller particles,
while others display sharp edges and smooth surfaces. Rather than pertaining to crystalline
cleavage planes, these surfaces seem to evidence conchoidal fracture. The lack of obvious crystal
planes might suggest the material is mainly amorphous, but it is also possible that these larger
structures are in merely glass-like agglomerations of much smaller particles.
The composition analysis of this same sample by EDX (shown in Figure 7) confirms the
presence of titanium and oxygen dominate the material, as expected. Some sodium appears to
have been retained by the material, despite multiple washing stages to remove residual sodium
hydroxide. Trace calcium is also present, a contaminant possibly introduced by the food-grade

17
sodium hydroxide used. Gold peaks are due to the coating and aluminum peaks are due to the
stub the material was loaded on.

Figure 6: SEM backscatter image of O2-route 250 nm product.

Figure 7: EDX spectrum of O2-route 250 nm product.
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Size data was also acquired for the material prior to filtration using a Zetasizer, and prior
to combining the contents of each bubbler. Results from this analysis proved to be highly
imprecise between runs. Bubbler 2 often required dilution to achieve a suitable PDI (a measure
of statistical quality varying from 0 to 1, similar to R2 for a linear regression). The plots for all
samples and bubblers are available in Appendix B. A relatively low minimum PDI of 0.6 was
used to maintain a standard of quality between analyses, because PDIs greater than 0.8 or 0.9
could not be consistently obtained. The data from three runs (themselves composed of 10-20
runs) were averaged to create the final data. These were not consistent with one another, and so
moderately representative samples (bubbler 1 and bubbler 2 of the 300 nm product), have been
chosen to present in Figure 8.

Figure 8: Average Zetasizer size measurements for O2-route 300 nm product bubbler 1 (above) and
bubbler 2 (below).
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It was typical for the first bubbler to display sizes between 100 and 1000 nm in diameter,
and while the second bubbler showed material in this size range, it also showed material closer to
20-30 nm. Peaks greater than 1000 nm begin to exceed the appropriate range of the Zetasizer's
measurement capabilities, so it is expected that the majority of the pre-filtered material is smaller
than 1 micron. After filtration, as seen in the SEM results, particle sizes of 1 to 100 microns are
more common.
It is not clear how large, smooth, glass-like particles could have formed from
agglomerations of particles that were 100 to 1000 times smaller, but that is what was observed.
The only opportunity for chemical change was during the adjustment from 1 to 8 pH to induce
agglomeration (performed after the Zetasizer measurements). Supposing the acidic solution
dissolved some or most the titania particles, the undissolved particles could give the readings
observed by the Zetasizer, and then during pH modification the majority of material would
precipitate into solution. This material's formation would have been independent of the
ultraviolet irradiation introduced during synthesis, which would defeat the purpose of the
procedure. However, preliminary experiments using bubblers modified to high pH did not yield
results different from those presented here. So, it is not expected that this acid digestionprecipitation effect is actually occurring, or, if it does occur, it does not appear to have much
effect on the results.
3.1.1.2.

Crystal Structure

The crystal structure of each of the four products was verified using XRD, Raman
Spectroscopy, and DSC/TGA. The diffractograms corresponding to each product are shown in
Figure 9, and the diffractograms of known anatase and rutile standards are shown for comparison
in Figure 10. It can be seen that all peaks in the control, 250 nm, 300 nm, and 350 nm-exposed
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products are approximately the same, and correspond with the peaks of the anatase standard.
Assuming all other peaks line up, quick distinction can be made by observing the location of the
peak below 30. Rutile displays a peak at 27.5, while anatase displays a peak at 25.5. If
brookite were present, it would show peaks both at 25.5 and 30.5.48 These results indicate the
products contain anatase, and do not contain rutile.
However, a difference in peak broadness is apparent between the synthesized products
and the standards. The broadness observed could indicate one of two things. First, it might
indicate that the synthesized product is composed of very small particles, at the lower end of
nano-scale, causing difficulties in precise diffraction. This is a distinct possibility, since zetasizer
measurements confirmed the presence of ~10 nm particulate in many samples prior to
agglomeration/filtration. While SEM showed 1-100 micron-range particles with smooth, glasssurfaces, it can not be ruled out that these structures might merely be agglomerations of much
smaller particles. If the broader peaks truly do indicate smaller particles, this would be desirable
for increasing the product's reactive surface area. A second explanation for peak broadness
exists, though, which is that a significant quantity of titanium dioxide in the material may be
amorphous. This is undesirable, as amorphous titania does not share the same level of
photocatalytic activity of anatase. Taller, narrower peaks should therefore possess greater
proportions of anatase, and photocatalyze more effectively. Table I shown the full-width halfmaxima for the 25.5 peak of each product, as a quantification of peak broadness.
Table I: Full-width at half-maximum values of 25.5º (2) XRD peak for unmodified O2-route product.

FWHM

Control
1.213

250 nm
1.378

300 nm
1.137

350 nm
2.291
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Shown in Figure 11 alongside a corresponding set of standards (Figure 12) are the results
of performing Raman spectroscopic analysis on each of the products. The synthesized products
display all the characteristic peaks of anatase, and none of rutile, with an especially prominent
peak at 150 nm and no peak between 400 and 500 nm. This confirms the results of XRD that, in
all four cases, the products contain anatase and no (detectable) rutile. It does not rule out the
possibility, though, that much of this material is amorphous.
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Figure 9: XRD diffractograms of the unmodified O2-route products.
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Figure 10: XRD diffractograms of anatase and rutile standards.
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Figure 11: Raman spectra for the unmodified O2-route products.
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Figure 12: Raman spectra for anatase and rutile standards.
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To resolve the question of the source of peak broadness in the XRD diffractograms,
observe the DSC and TGA results shown in Figure 13 alongside those of anatase and rutile
standards shown in Figure 14. The endothermic troughs below 200 C in most cases indicate
evaporation of surface water, and this is corroborated by the TGA data showing almost all of the
mass loss occurs in this region. Although the control sample does so to a lesser extent, all
products display clear exothermic peaks just below 600 C. This peak likely corresponds to the
amorphous-to-anatase phase transition, and products with more amorphous material should
display a larger peak in this region. The anatase-to-rutile phase transition has been reported at a
wide range of temperatures under certain conditions, but is generally accepted to be around 800
C. The peak here, if visible, should be independent of the initial proportion of anatase in the
product, since all amorphous material should transition to anatase before this temperature.
Nonetheless, in the data for these four samples, most experience only very subtle peaks at 800C,
and the control sample shows a medium peak at 850C. It is not clear why this would occur,
other than the fact that this phase transition is reported to happen at a wide range of temperatures.
The peaks in the anatase and rutile standards themselves are very subtle. A careful analysis
indicates a small peak at 800C for anatase which is definitely not present in rutile. Neither
display peaks in the 500-600C range, offering confirmation that this peak is indeed a
consequence of amorphousness in the material. It follows then that the broadness of the XRD
diffractograms is likely owed to this amorphousness, and not to small particle size.
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Figure 13: DSC and TGA plots for each unmodified O2-route product.

Figure 14: DSC and TGA plots for anatase and rutile standards.
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3.1.1.3.

Photocatalytic Activity

Each product was tested for its ability to degrade an azo dye using the procedure
described in Section 2.4. Dye test results are shown in Figure 15. The anatase standard degrades
the dye completely by the 3 hour mark seen in the middle image, and the dye-only blank
undergoes no visible color loss at 3 or 6 hours, demonstrating that the dye does not degrade
significantly under UV alone. Each UV-irradiated product experienced a very slight color
change, and the control product appears to perform only slightly better in this regard. As to why
the control sample would perform the best in this test, it is not immediately clear. Assuming peak
broadness corresponds to a greater proportion of amorphous material and not to smaller particle
size, XRD results (Figure 9) suggest that all the products should have had roughly the same
proportion of anatase except for the 350 nm product. This product's broad and weak peaks
indicate less anatase, such that it should display a lesser degree of photoactivity. In the DSC
results too (Figure 13), the 350 nm sample clearly had the largest amorphous-to-anatase
transition peak, showing that the product contained less anatase to begin with. But rather than the
350 nm sample being the least photoactive, the control sample was the most photoactive, and its
only distinguishing factor in the data was the slightly different shape of its DSC plot. It had the
most subtle amorphous-to-anatase peak, which would indicate that it had the most anatase. The
anatase-to-rutile phase transition was also located at a higher temperature than for the other
samples, though it is not clear why this would have happened, or why the material might thereby
display greater activity. The TGA plot of the control sample experiences a jump at 340 C which
is often caused by vibrations in the lab. An effect on the DSC plot, though slightly discernible,
was not significant enough to merit a rerun.
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Figure 15: Dye degradation test for unmodified O2-route products exposed to 350 nm light for (top) 0
hours, (middle) 3 hours, and (bottom) 6 hours.

In order to identify the band gap of each product, reflectance UV-vis spectroscopy was
performed on each sample in reflectance mode. The spectra were all very similar to that shown
in Figure 16, for the 250 nm product.

28
16

Reflectance (%)

14
12
10
8
6
4
2
0
0

200

400

600

800

1000

1200

Wavelength (nm)
Figure 16: UV-vis reflectance spectrum for O2-route 250 nm product.

For each sample, this reflectance data was converted to the implied absorbance data by
way of Kubelka-Munk transformation:
𝑭(𝑹) =

(𝟏 − 𝑹)𝟐
𝟐𝑹

(5)

where R is the reflectance. Multiplying F(R) by the energy of the wavelength and raising this
quantity to a power corresponding to the type of electronic transition (0.5 in the case of an
indirect, allowed transition, as for titanium dioxide) gives the Y coordinate of a Tauc plot:
𝒀𝑻𝒂𝒖𝒄 () = [𝑭(𝑹) ∗

𝒉∗𝒄



]

𝟏
𝟐

(6)

where h is the Planck constant, c is the speed of light, and  is the wavelength. Plotting this
against the energy of the corresponding wavelength (h*c/) on the x-axis yields a Tauc plot like
the one in Figure 17 for the 250 nm product.
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Figure 17: Tauc plot of UV-vis reflectance data for O2-route 250 nm product.

Following the linear portion down to where it crosses the x-axis is shown to give the band
gap of the analyzed material.49 In the case of the 250 nm sample, this was equal to 2.82 eV (439
nm). The same process performed on an anatase standard calculated a bandgap of 3.08 eV (403
nm). The literature reports values near 3.2 eV (387 nm), and the discrepancy between these
values and that calculated here is likely due to a poorly calibrated baseline.10 Reflectance
measurements of a mirror in "absolute reflectance" mode were much lower than expected, but it
was an old spectrometer and a way to establish a better baseline could not be found. Nonetheless,
by acquiring the bandgap of a pure anatase standard, conclusions can be drawn relative to this
value, and the 'true' bandgap can be approximated by adding a correction term of 0.12 to all
calculated bandgaps. The raw values of the band gaps have been included in Table II.
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Table II: Calculated band gaps for the unmodified O2-route products.

Sample
Control
250 nm
300 nm
350 nm

Band Gap (eV)
2.74
2.82
2.80
2.68

Band Gap (nm)
453
439
442
463

Corrected Band Gap (eV) Corrected Band
2.96
419
3.05
407
3.03
410
2.90
427

In general, higher energy light produced material with lower band gap energy; although,
with only one sample at each wavelength, little can be said about the statistical significance of
these differences. The control sample, which underwent no ultraviolet exposure, did not follow
the assumed trend of higher energies of light resulting in lower band gaps. Other samples did
follow this trend, but the 350 nm product has a lower band gap than the control. Their difference
is 0.06 eV, which, if we assume is a "negligible" difference, implies that the 0.02 eV difference
between the 250 nm and 300 nm products is even more negligible. Thus, no clear trend relating
UV wavelength and band gap can be ascertained from these data.
There's also the issue of comparison with the anatase standard. If the 0.12 eV correction
term is applied to the 350 nm (lowest-reporting) product, that puts its band gap at 2.80 eV, or
443 nm. This puts the material's band gap in the violet region of the visible spectrum, even
though no doping or modification has yet been applied. No obvious, unexpected contaminants
were present in the EDX data, so the greenish color and low band gap may have resulted merely
from defects in the crystal structure of the material.
There may be a correlation between the measured band gap and XRD peak broadness.
Comparing to Table I, the 350 nm sample had the largest FWHM of the four, and that same
sample has the lowest energy bandgap. However, if broader peaks imply a greater proportion of
amorphous material, this ought to depress the bandgap from that of pure anatase. And pure
anatase did indeed result in a higher calculated band gap.
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3.1.2. H2O Route (Unmodified)
3.1.2.1.

Appearance and Size

Products were, in each case, a white opaque powder. The tinge of green present in the
unmodified O2 products was absent in these.
Products were analyzed by SEM and EDX. Results varied little between products, so a
representative image (Figure 18) and elemental analysis (Figure 19) are shown for the 250 nm
product. As before, particle size ranges from about 1-100 microns. Surfaces reminiscent of
conchoidal fracture appear to indicate a lack of consistent crystallinity. The EDX results confirm
the presence of titanium and oxygen (as expected for titania), residual sodium from t
he pH modification stage, trace calcium possibly originating from reagent impurities, and
silicon, which may have been introduced by the glass furnace tube used to dry the products, or
from small quantities of glass from the fused silica reactor dissolving in contact with the TiCl4.

Figure 18: SEM backscatter image of unmodified H2O-route 250 nm product.
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Figure 19: EDX spectrum of unmodified H2O-route 250 nm product.

Zetasizer particle size measurements of the material prior to pH modification and
filtration yielded results similar to those already described in Section 3.1.1.1.
3.1.2.2.

Crystal Structure

Crystal structure was investigated using XRD, Raman spectroscopy, and DSC/TGA.
Diffractograms corresponding to each product are shown in Figure 20. All peaks were consistent
with those of the anatase standard (see Figure 10). The FWHM of the 25.5º peak is shown in
Table III for each product. Control and the 350 nm products had the smallest FWHMs, indicating
that they contain the highest proportion of anatase and the lowest proportion of amorphous
titania. Such values were still much larger than that of the FWHM of the anatase standard
(0.2182), so the products still likely contain a significant proportion of amorphous material.
Table III: Full-width half-maxima of 25.5º (2) XRD peaks of unmodified H2O-route product.

FWHM

Control
0.817

250 nm
1.027

300 nm
1.021

350 nm
0.810

Raman spectra corresponding to each product are shown in Figure 21, and though the
peaks are small, each is consistent with those for the anatase standard (see Figure 12). The
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relatively shorter peak of the 300 nm sample does not appear to correlate with anatase proportion
as extrapolated from the XRD results.
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Figure 20: XRD diffractogram of unmodified H2O-route products.
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Figure 21: Raman spectra of unmodified H2O-route products.

DSC (above) and TGA (below) data for each product are plotted in Figure 22. All
samples experience evaporative water loss leading up to 200 ºC, evidenced by both the
endothermic DSC peak and the weight loss seen in TGA. An amorphous-to-anatase transition
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peak occurring near 600 ºC was largest for the 250 and 300 nm samples, indicating these
products contained more amorphous titania initially, completely consistent with the XRD results.

Figure 22: DSC and TGA plots for unmodified H2O-route products.

3.1.2.3.

Photocatalytic Activity

Results from the dye degradation test for each product are shown in Figure 23. No
samples performed as well as the anatase standard, but the control sample displayed significant
color loss at 3 hours and almost total loss at 6 hours. UV-irradiated samples show practically no
color change, although the 350 nm sample shows more than the other two. This is consistent with
the XRD data, whose 25.5º peaks had much smaller FWHMs for the control and the 350 nm,
indicating a smaller proportion of amorphous material (and a higher proportion of anatase).
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Figure 23: Dye degradation test for unmodified H2O-route products exposed to 350 nm light for (top) 0
hours, (middle) 3 hours, and (bottom) 6 hours.

The same UV-vis reflectance data processing technique demonstrated in section 3.1.1.3
was used again to calculate the band gap of each of the four products. Results are presented in
Table IV. Interestingly, the highest energy band gap measured was that of the control sample,
which performed the best in the dye degradation test. That same sample displayed the narrowest
XRD peak, indicating a greater proportion of anatase. Calculating band gap by this method
theoretically gives an average band gap for all material in the sample, so if a greater proportion
of anatase is present, the band gap energy should be closer to that of anatase (3.2 eV), which is
what has been observed.
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Table IV: Calculated band gaps for unmodified H2O-route products.

Sample
Control
250 nm
300 nm
350 nm

3.2.

Band Gap (eV)
2.95
2.86
2.77
2.87

Band Gap (nm)
421
434
448
432

Corrected Band Gap (eV) Corrected Band
3.17
391
3.08
402
2.99
414
3.10
400

Carbon Tetrachloride Modified Titanium Dioxide Syntheses

3.2.1. O2 Route (CCl4 Modified)
3.2.1.1.

Appearance and Size

Products were, in each case, an opaque white powder. Each was analyzed by SEM and
EDX. Results varied little between products, so a representative image (Figure 24) and elemental
analysis (Figure 25) are shown for the 250 nm product. As before, particle size ranges from
about 1-100 microns. Surfaces reminiscent of conchoidal fracture appear to indicate a lack of
consistent crystallinity. The EDX results confirm the presence of titanium and oxygen (as
expected for titania), residual sodium from the pH modification stage, and trace calcium possibly
originating from reagent impurities. No carbon tape or similar materials were used in the sample
prep, so the presence of carbon in the spectrum, even in small amounts, may indicate that some
residual carbon tetrachloride successfully lodged itself in the material.
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Figure 24: SEM backscatter image for the CCl4-modified O2-route 250 nm product.

Figure 25: EDX spectrum for the CCl4-modified O2-route 250 nm product

Zetasizer particle size measurements of the material prior to pH modification and
filtration yielded results similar to those already described in Section 3.1.1.1.
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3.2.1.2.

Crystal Structure

Crystal structure of each product was investigated using XRD, Raman spectroscopy, and
DSC/TGA. Diffractograms of each product are shown in Figure 26. All peaks were consistent
with those of the anatase standard (see Figure 10). The FWHM of the 25.5º peak is shown in
Table V for each product. UV-irradiated samples had the smallest FWHMs, indicating that they
contain the highest proportion of anatase and the lowest proportion of amorphous titania. These
values are, however, much larger than that of the FWHM of the anatase standard (0.2182), so the
products all likely contain a significant proportion of amorphous material.
Table V: Full-width half-maxima of 25.5º (2) XRD peaks of CCl4-modified O2-route product.

FWHM

Control
1.153

250 nm
0.959

300 nm
0.947

350 nm
0.908

Raman spectra corresponding to each product are shown in Figure 27, and though the
peaks are small, each is consistent with those for the anatase standard (see Figure 12). The
relatively larger peak of the control sample does not appear to correlate with anatase proportion
as deduced from the XRD results.
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Figure 26: XRD diffractograms for the CCl4-modified O2-route products.
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Figure 27: Raman spectra for the CCl4-modified O2-route products.

DSC (above) and TGA (below) data for each product are plotted in Figure 28. All
samples experience evaporative water loss leading up to 200 ºC, evidenced by both the
endothermic DSC peak and the weight loss seen in TGA. An amorphous-to-anatase transition
peak occurring near 600 ºC was largest for the control sample, indicating this product contains
more amorphous titania initially, which is consistent with the XRD results.

Figure 28: DSC and TGA plots for the CCl4-modified O2-route products.
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3.2.1.3.

Photocatalytic Activity

Dye degradation test results for each product are shown in Figure 29. No samples
performed as well as the anatase standard, but the UV-irradiated samples displayed significant
color loss at 3 hours and almost total loss at 6 hours. The control sample shows practically no
color change, which is consistent with the XRD data, whose 25.5º peaks had much smaller
FWHMs for the UV-irradiated samples, indicating a smaller proportion of amorphous material
(and a higher proportion of anatase).

Figure 29: Dye degradation test for CCl4-modified O2-route products exposed to 350 nm light for (top) 0
hours, (middle) 3 hours, and (bottom) 6 hours.

The same UV-vis reflectance data processing technique demonstrated in Section 3.1.1.3
was used again to calculate the band gap of each of the four products. These results are presented
in Table VI.
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The lowest band gap among those presented in Table VI is that of the 300 nm sample.
Applying the 0.12 eV correction term for the discrepancy between anatase reported here and in
the literature (Section 3.1.1.3), that places the band gap in the violet region of the visible light
spectrum at 413 nm. This product therefore fails to take advantage of most of the light reaching
the earth from the sun, for which it would need a band gap in the green range of the visible
spectrum (500-580 nm).
All four band gaps were within 0.5 eV of one another, and there seems to be no
correlation with the XRD peak widths or the results of the dye degradation test. If
doping/modification of the material was successful, as weakly evidenced by the presence of
carbon in the EDX results, this may be depressing the band gap of the material. Whereas in the
unmodified products a higher band gap might indicate a higher proportion of anatase, the same
can not be said when the presence of dopant may act to confound the trend. In that case, a
correlation between band gap data and dye degradation results ought not to be expected.
Table VI: Calculated band gaps for CCl4-modified O2-route products.

Sample
Control
250 nm
300 nm
350 nm

Band Gap (eV)
2.89
2.93
2.88
2.93

Band Gap (nm)
428
423
430
423

Corrected Band Gap (eV) Corrected Band
3.12
397
3.15
393
3.11
399
3.15
393

3.2.2. H2O Route (CCl4 Modified)
3.2.2.1.

Appearance and Size

Products were, in each case, an opaque white powder. These were analyzed by SEM and
EDX. Results varied little between products, so a representative image (Figure 31) and elemental
analysis (Figure 32) are shown for the 250 nm product. As before, particle size ranges from
about 1-100 microns. Surfaces reminiscent of conchoidal fracture appear to indicate a lack of
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consistent crystallinity. The EDX results confirm the presence of titanium and oxygen (as
expected for titania), residual sodium from the pH modification stage, and trace calcium possibly
originating from reagent impurities. No carbon tape or similar materials were used in the sample
prep, so the presence of carbon in the spectrum, even in small amounts, may indicate that some
residual carbon tetrachloride successfully lodged itself in the material.

Figure 30: SEM backscatter image for the CCl4-modified H2O-route 250 nm product.

Figure 31: EDX spectrum for the CCl4-modified H2O-route 250 nm product.
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Zetasizer particle size measurements of the material prior to pH modification and
filtration yielded results similar to those already described in Section 3.1.1.1.
3.2.2.2.

Crystal Structure

Crystal structure of the products was investigated using XRD, Raman spectroscopy, and
DSC/TGA. Diffractograms of each product are shown in Figure 32. All peaks were consistent
with those of the anatase standard (see Figure 10). The FWHM of the 25.5º peak is shown in
Table VII for each product. Control and 350 nm samples had the smallest FWHMs, indicating
that they contain the highest proportion of anatase and the lowest proportion of amorphous
titania. Such values are, however, much larger than that of the FWHM of the anatase standard
(0.2182), so the products all likely contain a significant proportion of amorphous material.
Table VII: Full-width half-maxima of 25.5º (2) XRD peaks of CCl4-modified H2O-route product.

FWHM

Control
0.819

250 nm
1.194

300 nm
1.324

350 nm
0.776

Raman spectra of each product are shown in Figure 33, and though the peaks are small,
each is consistent with those for the anatase standard (see Figure 12). The relatively small peak
of the 300 nm sample does not appear to correlate with anatase proportion as deduced from the
XRD results.
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Figure 32: XRD diffractograms for the CCl4-modified H2O-route products.
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Figure 33: Raman spectra for the CCl4-modified H2O-route products.

DSC (above) and TGA (below) data for each product are plotted in Figure 34. All
samples experience evaporative water loss leading up to 200 ºC, evidenced by both the
endothermic DSC peak and the weight loss seen in TGA. An amorphous-to-anatase transition
peak occurring near 600 ºC was largest for the 300 nm sample, indicating this product contains
more amorphous titania initially, which is consistent with the XRD results. The 250 nm and 350
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nm products also display large peaks, which matches the FWHM data for the 250 nm sample, but
the XRD results actually indicate that the 350 nm should contain the least amount of amorphous
titania of all the samples.

Figure 34: DSC and TGA plots for the CCl4-modified H2O-route products.

3.2.2.3.

Photocatalytic activity

Dye degradation test results for each product are shown in Figure 35. No samples
performed as well as the anatase standard, but the control sample displayed significant color loss
at 3 hours and almost total loss at 6 hours. UV-irradiated samples shows much more subtle color
change, though the 350 nm sample outperforms them by a slim margin. This is mostly consistent
with the XRD data, whose 25.5º peaks had much smaller FWHMs for the control and 350 nm
samples. Oddly, though, the 350 nm sample's FWHM was much smaller than that of the control
sample. If peak narrowness implies greater anatase content, as has been surmised thus far, then
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the 350 nm sample should have outperformed the control sample in this test. Nonetheless, it is
notable that the 250 and 300 nm samples continue to embody the proposed trend.

Figure 35: Dye degradation test for CCl4-modified H2O-route products exposed to 350 nm light for (top) 0
hours, (middle) 3 hours, and (bottom) 6 hours.

The same UV-vis reflectance data processing technique demonstrated in Section 3.1.1.3
was used again to calculate the band gap of each of the four products, and these results are
presented in Table VIII.
The lowest band gap among those presented in Table VIII is that of the 350 nm sample.
Applying the 0.12 eV correction term for the discrepancy between anatase reported here and in
the literature (Section 3.1.1.3), that places the band gap in the violet region of the visible light
spectrum at 432 nm. This product therefore fails to take advantage of most of the light reaching
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the earth from the sun, for which it would need a band gap in the green range of the visible
spectrum (500-580 nm).

Again, there seems to be no correlation with the XRD peak widths or the results of the
dye degradation test. Presence of carbon, indicated by the EDX results, suggests that
doping/modification may have been successful and is perhaps having a more dramatic effect on
band gap than sheer anatase percentage.
Table VIII: Calculated band gaps for CCl4-modified H2O-route products.

Sample
Control
250 nm
300 nm
350 nm

3.3.

Band Gap (eV)
2.88
2.77
2.86
2.75

Band Gap (nm)
430
447
434
450

Corrected Band Gap (eV) Corrected Band
3.11
399
3.00
414
3.08
402
2.98
416

Graphene Oxide Modified Titanium Dioxide Syntheses

3.3.1. O2 Route (GO Modified)
3.3.1.1.

Appearance and Size

Products were, in each case, an opaque white powder. These were analyzed by SEM and
EDX. Results varied little between products, so a representative image (Figure 36) and elemental
analysis (Figure 37) are shown for the 350 nm product. As before, particle size ranges from
about 1-100 microns. Surfaces reminiscent of conchoidal fracture appear to indicate a lack of
consistent crystallinity. The EDX results confirm the presence of titanium and oxygen (as
expected for titania), residual sodium from the pH modification stage, and trace calcium possibly
originating from reagent impurities. No carbon tape or similar materials were used in the sample
prep, so the presence of carbon in the spectrum, even in small amounts, may indicate that some
residual graphene oxide has successfully lodged itself in the material.
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Figure 36: SEM backscatter image for the GO-modified O2-route 350 nm product.

Figure 37: EDX spectrum for the GO-modified O2-route 350 nm product.

Zetasizer particle size measurements of the material prior to pH modification and
filtration yielded results similar to those already described in Section 3.1.1.1.
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3.3.1.2.

Crystal Structure

Crystal structure of the products was investigated using XRD, Raman spectroscopy, and
DSC/TGA. Diffractograms of each product are shown in Figure 38. All peaks were consistent
with those of the anatase standard (see Figure 10). The FWHM of the 25.5º peak is shown in
Table IX for each product. The 300 nm sample had the smallest FWHMs, indicating that they
contain the highest proportion of anatase and the lowest proportion of amorphous titania. Such
values are, however, much larger than that of the FWHM of the anatase standard (0.2182), so the
products all likely contain a significant proportion of amorphous material.
Table IX: Full-width half-maxima of 25.5º (2) XRD peaks of GO-modified O2-route product.

FWHM

Control
1.322

250 nm
1.170

300 nm
0.804

350 nm
1.034

Raman spectra of each product are shown in Figure 39, and though the peaks are small,
each is consistent with those for the anatase standard (see Figure 12).
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Figure 38: XRD diffractograms for the GO-modified O2-route products.
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Figure 39: Raman spectra for the GO-modified O2-route products.

DSC (above) and TGA (below) data for each product are plotted in Figure 40. All
samples experience evaporative water loss leading up to 200 ºC, evidenced by both the
endothermic DSC peak and the weight loss seen in TGA. An amorphous-to-anatase transition
peak occurring near 600 ºC was large for all but the 300 nm sample, indicating that the 300 nm
product contains less amorphous titania initially and more anatase, which is consistent with the
XRD results.
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Figure 40: DSC and TGA plots for the GO-modified O2-route products.

3.3.1.3.

Photocatalytic Activity

Dye degradation test results for each product are shown in Figure 41. No samples
performed as well as the anatase standard, but the 300 nm sample experienced almost total color
loss at 3 hours and complete loss at 6 hours. The other UV-irradiated samples also displayed
obvious color change at 3 hours and nearly total loss at 6 hours. Only a very slight color change
was experienced by the control sample over the 6 hour period. Such results are consistent with
the XRD data, whose 25.5º peaks had much smallest FWHM for the 350 nm sample, the next
smallest being the 250 and 350 nm samples, and the largest FWHM belonging to the control.
However, the difference between the FWHMs of the 250 and 350 nm samples is about as large
as the difference between those of the 350 and 300 nm samples. It is something of a surprise,
then, that the 250 and 350 nm samples seemed to perform equally well.
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Figure 41: Dye degradation test for GO-modified O2-route products exposed to 350 nm light for (top) 0
hours, (middle) 3 hours, and (bottom) 6 hours.

The same UV-vis reflectance data processing technique demonstrated in Section 3.1.1.3
was used again to calculate the band gap of each of the four products, and the results are
presented in Table X.
The lowest band gap among those presented in Table X is tied between the 250 and 350
nm samples. Applying the 0.12 eV correction term for the discrepancy between anatase reported
here and in the literature (Section 3.1.1.3), that places the band gap in the violet region of the
visible light spectrum at 417 nm. These products therefore fail to take advantage of most of the
light reaching the earth from the sun, for which it would need a band gap in the green range of
the visible spectrum (500-580 nm).
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Again, there seems to be no correlation with the XRD peak widths or the results of the
dye degradation test. Presence of carbon, indicated by the EDX results, suggests that
doping/modification may have been successful and is perhaps having a more dramatic effect on
band gap than sheer anatase percentage.
Table X: Calculated band gaps for GO-modified O2-route products.

Sample
Control
250 nm
300 nm
350 nm

Band Gap (eV)
2.90
2.85
2.98
2.85

Band Gap (nm)
427
434
416
435

Corrected Band Gap (eV) Corrected Band
3.13
397
3.08
403
3.20
387
3.07
403

3.3.2. H2O Route (GO Modified)
3.3.2.1.

Appearance and Size

Products were, in each case, an opaque white powder. These were analyzed by SEM and
EDX. Results varied little between products, so a representative image (Figure 42) and elemental
analysis (Figure 43) are shown for the control product. As before, particle size ranges from about
1-100 microns. Surfaces reminiscent of conchoidal fracture appear to indicate a lack of
consistent crystallinity. EDX results confirm the presence of titanium and oxygen (as expected
for titania), residual sodium from the pH modification stage, and trace calcium possibly
originating from reagent impurities. No carbon tape or similar materials were used in the sample
prep, so the presence of carbon in the spectrum, even in small amounts, may indicate that some
residual graphene oxide has successfully lodged itself in the material.

54

Figure 42: SEM backscatter image of GO-modified H2O-route control product.

Figure 43: EDX spectrum of GO-modified H2O-route control product.

Zetasizer particle size measurements of the material prior to pH modification and
filtration yielded results similar to those already described in Section 3.1.1.1.
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3.3.2.2.

Crystal Structure

Crystal structure of the products was investigated using XRD, Raman spectroscopy, and
DSC/TGA. Diffractograms of each product are shown in Figure 44. All peaks were consistent
with those of the anatase standard (see Figure 10). The FWHM of the 25.5º peak is shown in
Table XI for each product, with the control sample showing the smallest FWHM. Therefore, the
control product should contain the highest proportion of anatase and the lowest proportion of
amorphous titania. All other samples had larger FWHMs, although the 250 nm sample's was still
fairly low. Such values are, however, much larger than that of the FWHM of the anatase standard
(0.2182), so the products all likely contain a significant proportion of amorphous material.
Table XI: Full-width half-maxima of 25.5º (2) XRD peaks of GO-modified H2O-route product.

FWHM

Control
0.794

250 nm
0.878

300 nm
1.153

350 nm
1.032

Raman spectra of each product are shown in Figure 45, and though the peaks are small,
each is consistent with those for the anatase standard (see Figure 12).
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Figure 44: XRD diffractograms for the GO-modified H2O-route products.
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Figure 45: Raman spectra for the GO-modified H2O-route products.

DSC (above) and TGA (below) data for each product are plotted in Figure 46. All
samples experience evaporative water loss leading up to 200 ºC, evidenced by both the
endothermic DSC peak and the weight loss seen in TGA. An amorphous-to-anatase transition
peak occurring near 600 ºC was large for all but the control sample, indicating that the control
product contains less amorphous titania initially and more anatase, which is consistent with the
XRD results. Also consistent is the fact that the 250 nm DSC peak is not as large as the other
UV-irradiated peaks, indicating it contains more anatase than the 300 nm and 350 nm products,
but less than the control product.
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Figure 46: DSC and TGA plots for the GO-modified H2O-route products.

3.3.2.3.

Photocatalytic activity

Dye degradation test results for each product are shown in Figure 47. No samples
performed as well as the anatase standard, but the control sample experienced almost total color
loss at 3 hours and complete loss at 6 hours. The UV-irradiated samples all experienced some
color change, with the 250 and 350 nm performing nearly as well as the control by 6 hours.
Color change in the 300 nm sample was minimal. These results are consistent with the XRD
data, whose 25.5º peaks had the smallest FWHM for the control sample, the next smallest being
the 250 and 350 nm samples, and the largest FWHM belonging to the 300 nm sample.
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Figure 47: Dye degradation test for GO-modified H2O-route products exposed to 350 nm light for (top) 0
hours, (middle) 3 hours, and (bottom) 6 hours.

The same UV-vis reflectance data processing technique demonstrated in Section 3.1.1.3
was used again to calculate the band gap of each of the four products, and the results are
presented in Table XII.
The lowest band gap among those presented in Table XII is that of the 250 nm sample.
Applying the 0.12 eV correction term for the discrepancy between anatase reported here and in
the literature (Section 3.1.1.3), that places the band gap in the violet region of the visible light
spectrum at 432 nm. This product therefore fails to take advantage of most of the light reaching
the earth from the sun, for which it would need a band gap in the green range of the visible
spectrum (500-580 nm).
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Again, there seems to be no correlation with the XRD peak widths or the results of the
dye degradation test. Presence of carbon, indicated by the EDX results, suggests that
doping/modification may have been successful and is perhaps having a more dramatic effect on
band gap than sheer anatase percentage.
Table XII: Calculated band gaps for GO-modified H2O-route products.

Sample
Control
250 nm
300 nm
350 nm

3.4.

Band Gap (eV)
2.90
2.85
2.91
2.92

Band Gap (nm)
427
434
426
425

Corrected Band Gap (eV) Corrected Band
3.13
397
3.08
403
3.13
396
3.14
394

Comparisons Between Methods

Table XIII shows the most useful metrics of quality for each product. While within each
experiment there seemed to be a strong correlation between narrower XRD peaks and better dye
degradation, viewed as a whole there are several notable counterexamples to this trend. For
example, the unmodified H2O-route 350 nm sample had an even lower FWHM than the control
of that same set, yet the former displayed much weaker color change than the latter.
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Table XIII: XRD full-width half-maxima, calculated band gap, qualitative DSC and dye test results for all
products.

O2 Unmod

H2O Unmod

O2 CCl4 Mod

H2O CCl4 Mod

O2 GO Mod

H2O GO Mod

Sample
Control
250 nm
300 nm
350 nm
Control
250 nm
300 nm
350 nm
Control
250 nm
300 nm
350 nm
Control
250 nm
300 nm
350 nm
Control
250 nm
300 nm
350 nm
Control
250 nm
300 nm
350 nm

XRD FWHM Band Gap DSC 600 Peak Dye Color Change
1.213
2.74
Weak
Moderate
1.378
2.82
Weak
Weak
1.137
2.80
Weak
Weak
2.291
2.68
Strong
Weak
0.817
2.95
Weak
Moderate
1.027
2.86
Strong
Weak
1.021
2.77
Strong
Weak
0.810
2.87
Weak
Weak
1.153
2.89
Strong
Weak
0.959
2.93
Weak
Strong
0.947
2.88
Strong
Strong
0.908
2.93
Weak
Strong
0.819
2.88
Weak
Moderate
1.194
2.77
Weak
Weak
1.324
2.86
Strong
Weak
0.776
2.75
Strong
Moderate
1.322
2.90
Strong
Weak
1.170
2.85
Strong
Moderate
0.804
2.98
Weak
Strong
1.034
2.85
Strong
Moderate
0.794
2.90
Weak
Strong
0.878
2.85
Strong
Moderate
1.153
2.91
Strong
Weak
1.032
2.92
Strong
Moderate

In the dye test, "Strong" was defined as total color loss by 6 hours, "Moderate" was defined as
obvious color change by 6 hours but still visibly orange, and "Weak" was defined as anything from no
color change to barely noticeable. In DSC, "Strong" was defined as an obvious peak, while "Weak"
was defined as anything from no noticeable peak to barely noticeable.

In addition, in the CCl4-modified O2-route samples, a value between 0.9-1.0 FWHM was
sufficient to achieve a "strong" color change, and yet a value of 0.810 in the unmodified H2O
series only merited a weak color change, and a 0.776 in the CCl4-modified H2O route only
achieved "medium' degradation. Thus, it is difficult to speak conclusively as to whether a given
FWHM is "high" or "low", in regard to predicting the extent of dye degradation. The question
arises whether a trend exists at all.
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Table XIV shows the average XRD FWHM and band gaps of all the products grouped by
the amount of color change they exhibited during the dye degradation test. A t-test showed that
the weak and strong FWHM were statistically significantly different, as were the weak and
moderate, but not the moderate and strong (the p-values for all t-tests can be seen in Appendix
A).
Table XIV: Average FWHM and band gap for all products grouped by qualitative extent of dye
degradation as defined in Table XIII.

Quantity
Avg FWHM
Avg Band Gap

Weak
1.256
2.83

Moderate
0.967
2.85

Strong
0.882
2.92

The t-test also showed a statistically significant difference between the moderate and strong band
gaps, as well as the weak and strong band gaps, but not the weak and moderate band gaps. This
indicates that the trends theorized thus far are indeed mostly supported by the data: smaller
FWHM correlates with greater dye degradation, as does larger band gap. Both of these increases
in photocatalytic activity are likely explained by a larger anatase-to-amorphous ratio in the
material.
Table XV shows values of FWHM and band gap averaged similarly but grouped by the
size of their amorphous-to-anatase transition peak. Though the products exhibiting a weak peak
(indicating more anatase present initially) displayed a lower FWHM and higher band gap as
expected, these differences were not found to be statistically significant, possibly due to the
comparatively small number of samples in the "strong" category.
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Table XV: Average FWHM and band gap for all products grouped by qualitative magnitude of
amorphous-to-anatase transition peak as defined in Table XIII.

Quantity
Avg FWHM
Avg Band Gap

Weak
0.985
2.87

Strong
1.164
2.84

Though both small FWHM and large band gap appear to be significant predictors of
photocatalytic activity, a plot of band gap against FWHM (Figure 48) shows only a small
negative correlation between the two (R2 = 0.1). This suggests that the two features are not
consistently paired; one can exist without the other. Such observations lie contrary to the
interpretation that both variables represent the same phenomenon: a greater proportion of anatase
in the material. However, the presence of dopants in the material may also affect these variables,
and this possibility is presented in Table XVI.
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Figure 48: Dye degradation test for GO-modified H2O-route products exposed to 350 nm light for (top) 0
hours, (middle) 3 hours, and (bottom) 6 hours. A single outlier was removed using the 1.5 interquartile
range rule.
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Table XVI: Average FWHM and band gap for all products grouped by modification type and synthesis
route.

Route
O2
H2O

Quantity
Unmodified
Avg FWHM
1.505
Avg Band Gap
2.76
Avg FWHM
0.919
Avg Band Gap
2.86

CCl4 Mod
0.992
2.91
1.411
2.82

GO Mod
1.082
2.90
1.403
2.90

Interestingly, the effect of doping (with either CCl4 or graphene) appears to decrease the
FWHM for products of the O2 route, and increase it for products of the H2O route. Band gap
energy increased upon doping products using the O2 route, but displayed no discernible trend for
product using the H2O route. The only one of these relationships that was found statistically
significant, however, was the increase of the band gap in the O2 route. Making this observation
especially strange is the fact the goal of doping is actually to lower the band gap energy, not raise
it. Perhaps the material isn't being doped at all, but the presence of the modifying material in the
reactant solution/suspension has some subtle effect on particle formation. But if that were the
case, carbon shouldn't be showing up in the EDX results for the doped materials, and it would be
quite the coincidence that both the TiCl4-miscible CCl4 and the merely suspended graphene
oxide happened to have the same effect on formation. There's also the fact that if the modifying
material merely assists in the formation of anatase without itself being carried into the material,
there's no reason for FWHM and band gap to display disparate behavior. It appears, then, that the
dopant is indeed carried over into the product, and has a fortifying effect on band gap in half the
samples, but a statistically significant effect on FWHM, explain the lack of a clear correlation
between the two variables.
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Table XVII: Average FWHM and band gap for all products grouped by UV exposure wavelength and
synthesis route.

Route

Quantity
Avg FWHM
O2
Avg Band Gap
Avg FWHM
H2O
Avg Band Gap

Control
1.229
2.84
0.810
2.91

250 nm
1.169
2.87
1.033
2.83

300 nm
0.963
2.89
1.166
2.84

350 nm
1.411
2.82
0.872
2.85

All UV
1.181
2.86
1.389
2.84

The final variable to explore is that of the wavelength of UV exposure during synthesis.
Average FWHMs and bandgap for each wavelength, as well as the average of all products
exposed to any UV at all, are shown in Table XVII. No clear trend is apparent, though, and the
only value found to be statistically significantly different from the control was the average band
gap of all UV-exposed samples synthesized using the H2O route. The presence of UV decreased
the band gap, though what kind of mechanism might account for this change remains unclear.
Perhaps the presence of UV interferes with the ability of the dopant material to carry over into
the final product, with the vaporized water molecules playing some sort of intermediary role (or
else the same behavior would present itself in the O2 route).
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4. Conclusions and Recommendations
A novel low-temperature synthesis of anatase-form titanium dioxide was tested,
involving the flow of either oxygen or water vapor over the surface of reactive titanium
tetrachloride liquid. Syntheses were performed while introducing one of 3 different wavelengths
of ultraviolet light to the reaction chamber, and varying between two different dopant materials,
carbon tetrachloride and graphene oxide. Including control and undoped products, a total of 24
syntheses were performed, and each of these were characterized by SEM, Zetasizer, XRD,
Raman spectroscopy, DSC/TGA, UV-vis reflectance spectroscopy (for band gap), and ability to
photocatalytically degrade the azo dye acid orange 7.
The results of XRD and Raman spectroscopy confirmed the presence of anatase, but the
broad XRD peaks and evidence of an amorphous-to-anatase phase transition in the DSC plots
indicated a significant presence of amorphous material as well. Zetasizer size analysis showed
some nano-sized material, but SEM images showed particle sizes ranging from 1 to 100 microns.
The majority of products displayed at least some discernible photocatalytic activity in their
ability to degrade the orange dye, and Tauc plots were prepared with the UV-vis reflectance data
to calculate the band gap of each product.
Using the full-width half-maxima of the 25.5º XRD peak as a measure of peak broadness,
a statistically significant negative relationship was confirmed between FWHM and the extent of
dye degradation. A positive relationship between band gap and dye degradation was confirmed
similarly. Though small FWHM and larger band gap (closer to true value for pure anatase) might
both indicate a larger anatase fraction, no strong correlation between the two variables could be
found. This in combination with the presence of carbon in the EDX spectra indicate that the
carbon tetrachloride and graphene oxide doping attempts were successful in contributing an
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effect on band gap. However, rather than decreasing the band gap energy as desired, a
statistically significant increase in band gap was found for doping products using the O2
synthetic route. Meanwhile, the only significant effect of incident UV was to lower the band
gaps of products of the H2O route, and the effect was not specific to a single wavelength tested.
The mechanism of this band gap depression was hypothesized to be due to some interaction
between the light and the water having a slight depressive effect on clean anatase crystallization,
resulting in a greater proportion of amorphous material.
Continuing investigation ought to seek to quantify the extent of dye degradation using
UV-vis spectroscopy, rather than than the qualitative visual approach utilized here. Ideally, the
particle size of the anatase standard should have matched fairly closely that of the synthesized
products. The physical structure of the material pre- and post- agglomeration (via pH
modification) should be investigated to ensure that a change in crystallinity does not occur
during this step. Further tests, including carbon-sulfur combustion analysis, should be run on the
doped/modified samples to confirm the presence and form of the dopant. Though a case has been
made here that the products must have been successfully doped, the more interesting case
actually occurs if the products were, in fact, not doped. Rather, there may be significant
implications to other gas-liquid reactions if the formation of particles at the interface can be
controlled to favor or disfavor a particular polymorph, merely by the presence, dissolved or
suspended, of a particular reagent.
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6. Appendix A
Table XVIII: P-values for two-tailed t-test evaluating statistical significance of XRD peak FWHM or band
gap differences grouped by dye degradation extents or DSC amorphous-to-anatase transition peak
magnitudes, as defined in Table XIII. Values smaller than =0.05 in bold to indicate statistical significance

Quantity

Test
Dye
DSC
Dye
DSC

FWHM
Band Gap

Weak-Moderate Moderate to Strong Weak to Strong
0.042
0.246
0.009
x
x
0.156
0.591
0.034
0.004
x
x
0.402

Table XIX: P-values for two-tailed t-test evaluating statistical significance of XRD peak FWHM or band
gap differences between unmodified and modified products. Values smaller than =0.05 in bold to indicate
statistical significance

Synthesis
O2
H2O

Quantity
FWHM
Band Gap
FWHM
Band Gap

Unmod to CCl4 Unmod to GO
0.149
0.217
0.015
0.023
0.502
0.668
0.394
0.432

Table XX: P-values for two-tailed t-test evaluating statistical significance of XRD peak FWHM or band
gap differences between control and UV-exposed products. Values smaller than =0.05 in bold to indicate
statistical significance

Synthesis
O2
H2O

Quantity
FWHM
Band Gap
FWHM
Band Gap

Control to 250 nm Control to 300 nm Control to 350 nm Control to any UV
0.680
0.091
0.721
0.765
0.712
0.590
0.810
0.822
0.133
0.144
0.516
0.077
0.078
0.254
0.337
0.042
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7. Appendix B

Figure 49: Unmodified O2-route control product SEM.

Figure 50: Unmodified O2-route 300 nm product SEM.
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Figure 51: Unmodified O2-route 350 nm product SEM.

Figure 52: Unmodified H2O-route control product SEM.
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Figure 53: Unmodified H2O-route 300 nm product SEM.

Figure 54: Unmodified H2O-route 350 nm SEM.
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Figure 55: CCl4-modified O2-route control product SEM.

Figure 56: CCl4-modified O2-route 300 nm product SEM.
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Figure 57: CCl4-modified O2-route 350 nm product SEM.

Figure 58: CCl4-modified H2O-route control product SEM.
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Figure 59: CCl4-modified H2O-route 300 nm product SEM.

Figure 60: CCl4-modified H2O-route 350 nm product SEM.
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Figure 61: GO-modified O2-route control product SEM.

Figure 62: GO-modified O2-route 250 nm product SEM.
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Figure 63: GO-modified O2-route 300 nm product SEM.

Figure 64: GO-modified H2O-route 250 nm product SEM.

83

Figure 65: GO-modified H2O-route 300 nm product SEM.

Figure 66: GO-modified H2O-route 350 nm product SEM.
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Figure 67: Rutile standard SEM.

Figure 68: Anatase standard SEM.
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Figure 69: Unmodified O2-route control product Zetasizer size distribution for contents of (top) bubbler 1
and (bottom) bubbler 2.

Figure 70: Unmodified O2-route 250 nm product Zetasizer size distribution for contents of (top) bubbler 1
and (bottom) bubbler 2.
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Figure 71: Unmodified O2-route 300 nm product Zetasizer size distribution for contents of (top) bubbler 1
and (bottom) bubbler 2.

Figure 72: Unmodified O2-route 350 nm product Zetasizer size distribution for contents of (top) bubbler 1
and (bottom) bubbler 2.
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Figure 73: Unmodified H2O-route control product Zetasizer size distribution for contents of (top) bubbler
1 and (bottom) bubbler 2.

Figure 74: Unmodified H2O-route 250 nm product Zetasizer size distribution for contents of (top) bubbler
1 and (bottom) bubbler 2.
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Figure 75: Unmodified H2O-route 300 nm product Zetasizer size distribution for contents of (top) bubbler
1 and (bottom) bubbler 2.

Figure 76: Unmodified H2O-route 350 nm product Zetasizer size distribution for contents of (top) bubbler
1 and (bottom) bubbler 2.
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Figure 77: CCl4-modified O2-route control product Zetasizer size distribution for contents of (top) bubbler
1 and (bottom) bubbler 2.

Figure 78: CCl4-modified O2-route 250 nm product Zetasizer size distribution for contents of (top) bubbler
1 and (bottom) bubbler 2.
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Figure 79: CCl4-modified O2-route 300 nm product Zetasizer size distribution for contents of (top) bubbler
1 and (bottom) bubbler 2.

Figure 80: CCl4-modified O2-route 350 nm product Zetasizer size distribution for contents of (top) bubbler
1 and (bottom) bubbler 2.
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Figure 81: CCl4-modified H2O-route control product Zetasizer size distribution for contents of (top)
bubbler 1 and (bottom) bubbler 2.

Figure 82: CCl4-modified H2O-route 300 nm product Zetasizer size distribution for contents of (top)
bubbler 1 and (bottom) bubbler 2.
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Figure 83: CCl4-modified H2O-route 350 nm product Zetasizer size distribution for contents of (top)
bubbler 1 and (bottom) bubbler 2.

Figure 84: GO-modified O2-route control product Zetasizer size distribution for contents of (top) bubbler 1
and (bottom) bubbler 2.
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Figure 85: GO-modified O2-route 250 nm product Zetasizer size distribution for contents of (top) bubbler
1 and (bottom) bubbler 2.

Figure 86: GO-modified O2-route 300 nm product Zetasizer size distribution for contents of (top) bubbler
1 and (bottom) bubbler 2.
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Figure 87: GO-modified O2-route 350 nm product Zetasizer size distribution for contents of (top) bubbler
1 and (bottom) bubbler 2.

Figure 88: GO-modified H2O-route control product Zetasizer size distribution for contents of (top) bubbler
1 and (bottom) bubbler 2.
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Figure 89: GO-modified H2O-route 250 nm product Zetasizer size distribution for contents of (top)
bubbler 1 and (bottom) bubbler 2.

Figure 90: GO-modified H2O-route 300 nm product Zetasizer size distribution for contents of (top)
bubbler 1 and (bottom) bubbler 2.
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Figure 91: GO-modified H2O-route 350 nm product Zetasizer size distribution for contents of (top)
bubbler 1 and (bottom) bubbler 2.

